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So far, it represents a challenging task to reproduce angle-resolved photoelectron (ARPES) spectra
of epitaxial silicene by first-principles calculations. Here, we report on the resolution of the previously
controversial issue related to the structural configuration of silicene on the ZrB2(0001) surface and
its band structure. In particular, by representing the band structure in a large Brillouin zone
associated with a single Si atom, it is found that the imaginary part of the one-particle Green’s
function follows the spectral weight observed in ARPES spectra. By additionally varying the in-
plane lattice constant, the results of density functional theory calculations and ARPES data obtained
in a wide energy range converge into the “planar-like” phase and provide the orbital character of
electronic states in the vicinity of the Fermi level. It is anticipated that the choice of a smaller
commensurate unit cell for the representation of the electronic structure will be useful for the study
of epitaxial two-dimensional materials on various substrates in general.
PACS numbers: 73.22.-f, 68.43.Fg, 73.20.-r
I. INTRODUCTION
Silicene, the Si version of the two-dimensional carbon
allotrope graphene, promises interesting electronic prop-
erties that derive from its graphene-like electronic struc-
ture, a large spin-orbit coupling and the out-of-plane
buckling of atoms belonging to the two distinguishable
sub-lattices.1–5 As such, Dirac fermions at the Fermi level
(EF ),
3,4 a large quantum spin Hall effect,1,2 a topological
quantum phase transition6 and perfect spin filtering7 are
predicted to occur in its low-buckled, free-standing form.
Importantly, as compared to graphene, under varying
external conditions, silicene is structurally more flexible
and can occur with a variety of lattice constants, atom-
istic structures and with a varying sp2/sp3 ratio.5,8 This
flexibility may allow tuning of the electronic properties8,9
to be adapted in useful applications.
While free-standing silicene is yet hypothetical,
two-dimensional Si honeycomb lattices have recently
been prepared on several metallic substrates such as
Ag(111),10–12 ZrB2(0001)
8 and Ir(111)13 which opens the
way for their systematic and comprehensive experimental
characterization. The structural and electronic proper-
ties of epitaxial silicene phases are expected to be signif-
icantly altered from those of free-standing silicene, and
are determined by the strength of hybridization with in
particular the d electronic states of the substrates and
the resulting types of buckling.5,14 Since this is a complex
matter, not surprisingly, the interpretation of in particu-
lar observed surface reconstructions10–12,15–17 and of the
spectral features visible in angle-resolved photoelectron
(ARPES) spectra8,12,18,19 have been and is still a matter
of controversy.
In contrast to multiple epitaxial silicene phases ob-
served by scanning tunneling microscopy (STM) on the
Ag(111) surface, so far, only a single phase has been re-
ported to be formed on the ZrB2(0001) surface.
8 In this
phase, (
√
3×√3)-reconstructed silicene is in an epitaxial
relationship to the (2 × 2) ZrB2(0001) unit cell. While
evidence for atomic-scale buckling comes from photoelec-
tron diffraction data,8 ARPES spectra show two upwards
curved spectral features that approach EF by up to 250
meV at the KSi(1 × 1) point of (unreconstructed) sil-
icene and, owing to backfolding, are mirrored with weak
intensity at the Γ point in the 1st Brillouin zone (BZ).8,20
Density functional theory (DFT) calculations find two
possible structures,5 shown in Fig. 1, which so far only
agree partially with the experimental data. In par-
ticular, while within DFT, a “planar-like” structure
(Fig. 1 (b)) was reported to be the ground state of sil-
icene on ZrB2(0001),
5 scanning tunneling spectroscopy
(STS) spectra and photoelectron diffraction data could
also be explained by the calculated electronic proper-
ties of the metastable, so called “buckled-like” phase
(Fig. 1 (a)).8,21 Even more, so far, the band struc-
ture of both phases shows only partial agreement with
ARPES spectra.5 This has preliminary been attributed
to the presence of long-range interactions leading to the
spontaneous formation of stress domains within the two-
dimensional layer of Si atoms.8
In this context, another important issue that needs
consideration is the sensitivity of the ARPES cross-
section to the selected Brillouin zone.22,23 As such, the
strong change of the graphene pi band intensity upon
crossing the zone boundary24,25 has initially been consid-
ered to derive from the dependence of the photoelectron
emission matrix elements on the sign of the initial state
electron momentum22 and has been discussed to be re-
lated to quantum mechanical interference between atoms
in the two different sub-lattices.23 In the case of epitax-
ial silicene on ZrB2(0001), Si atoms are not in two sub-
lattices but occupy three distinguishable atomic sites.8,26
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FIG. 1: Structures of (a) buckled-like and (b) planar-
like phases of (
√
3 × √3)-reconstructed silicene on the Zr-
terminating ZrB2(0001) surface.
However, similar interference effects may occur.
In the present calculations, we have introduced a con-
ceptual unit cell that contains only a single Si atom to
allow interference between the distinguishable Si atoms
defined in the (
√
3 × √3) unit cell via the phase factors
in terms of unfolding the electronic band structures.27,28
By additionally varying slightly the in-plane lattice con-
stant, we find good agreement between ARPES spectra
obtained in a wide energy range and the calculated band
structure of the planar-like phase, even without explic-
itly considering stress domains. The agreement allows
for an analysis of the orbital character of the electronic
states and reveals that the upwards curved bands which,
according to ARPES data,8 approach EF at KSi(1 × 1)
point are formed by hybridization of Si sp2 and pz or-
bitals and contain contributions of Zr d orbitals as well.
II. COMPUTATIONAL AND EXPERIMENTAL
The DFT calculations within a generalized gradient
approximation (GGA)29,30 were performed using the
OpenMX code based on norm-conserving pseudopoten-
tials generated with multi reference energies31 and op-
timized pseudoatomic basis functions.32,33 For each Zr
atom, three, two, and two optimized radial functions were
allocated for the s-, p-, and d-orbitals, respectively, as
denoted by s3p2d2. For both Si and B atoms, s2p2d1
basis functions were adopted. The cut-off radius of 7
Bohr was chosen for all the basis functions. The regu-
lar mesh of 220 Ry in real space was used for the nu-
merical integrations and for the solution of the Poisson
equation. An (8 × 8 × 1) mesh of k points was used to
study an isolated slab consisting of five Zr, four B, and
one silicene layers implemented by the effective screening
medium method.34 The force on each atom was relaxed
to be less than 0.0001 Hartree/Bohr. The XCrySDen
software was used to generate the figures.35
ARPES spectra were obtained using the SES-200 hemi-
spherical analyzer at the end-station of the undulator
beam line 13B at the Photon Factory synchrotron radia-
tion facility, located at the High Energy Accelerator Re-
search Organization (KEK), Tsukuba, Japan, using the
photon energy of hν = 43 eV. The total energy resolution
was better than 35 meV as determined from the broad-
ening of EF . At this end-station, the electric field vector
of the light was at the fixed angle of 25◦ with respect to
the photoelectron analyzer.
Oxide-free silicene samples were prepared as described
previously.8,36 Note that under optimal conditions,36 this
procedure highly reproducibly leads to samples with
more than 95% of the surface covered with single-
crystalline-like silicene.37 In short, after annealing at
about 780◦C under ultra-high vacuum conditions, sil-
icene forms in situ and spontaneously through surface
segregation on metallic single-crystalline zirconium di-
boride (0001) thin films on Si(111) wafers. The (2 ×
2) reconstruction of the annealed ZrB2(0001) surface
and the characteristic chemical shifts of the Si 2p core
level components8,26 were verified by low-energy electron
diffraction and surface-sensitive core level photoelectron
spectroscopy using hν = 130 eV. During the measure-
ments, samples were held at room temperature.
III. RESULTS AND DISCUSSION
A. The one-atom unit cell
As a consequence of the buckling and in-plane lattice
distortions, the translational symmetry of (1×1) silicene
on the ZrB2(0001) surface is broken such that silicene
adapts the (
√
3 × √3) unit cell that is commensurate
with the (2× 2)-reconstructed unit cell of the zirconium
diboride surface. However, the degree of translational
symmetry breaking might not be strong enough to al-
low ARPES experiments to observe the spectral weight
calculated in this crystallographic unit cell. Therefore,
in order to reflect the strength of translational symme-
try breaking, the spectral weight as derived from the
imaginary part of the one-particle Kohn-Sham Green’s
function may be unfolded to a larger Brillouin zone.27,28
For example, with the choice of the one-C-atom Brillouin
zone of graphene, the photoelectron emission matrix el-
ement is basically the atomic form factor to be consis-
tent with the alternative picture of destructive quantum
mechanical interference between two C atoms.23,38 For
silicene on the ZrB2(0001) surface, we can choose to rep-
resent silicene in the one-Si-atom unit cell while keeping
3the Si atoms at their respective positions typical either
of the “buckled-like” or “planar-like” phases. This of
course leaves the band structure itself unchanged, and
affects only the distribution of the spectral weight in the
reciprocal space.
To illustrate the change of spectral weight associated
with different conceptual unit cells, we first focus on iso-
lated silicene sheets as thought to be peeled off from the
optimized structures on the ZrB2 substrate. We empha-
size that the conceptual unit cells could be smaller than
the primitive (
√
3×√3) unit cell and the detailed descrip-
tion of conceptual unit cell can be found elsewhere.27,28
The spectral weight on the constant-energy plane of 1.0
eV below EF are presented with different sizes of Bril-
louin zones sketched in Figs. 2 (a)-(d). For the (
√
3×√3)
unit cell, a periodic pattern corresponding to a small Bril-
louin zone is obtained (Figs. 2 (e) and (i)). Once the unit
cell is chosen as the (1× 1) unit cell, shown in Fig. 2 (b),
the spectral weight shows a different periodicity due to a
higher degree of freedom (Figs. 2 (f) and (j)). This indi-
cates that the translational symmetry breaking to (1×1)
silicene leads to shadow bands and distributes the weight
unevenly. In Fig. 2 (c), we further introduce an even
smaller unit cell that contains a single Si atom. Then, the
spectral weight is even more distributed (Figs. 2 (g) and
(k)) as compared to the previous two cases. For exam-
ple, the intensity at the zone center is reduced and some
spectral weight disappears almost completely. However,
when choosing even half of the lattice constant of that in
Fig. 2 (c), the spectral weight is not altered, as shown in
Figs. 2 (h) and (l), although the overall spectral weight is
reduced by a factor of four. This is required to satisfy the
sum rule. Note that once the unfolded spectral weight
is folded into the smallest Brillouin zone related to the
original (
√
3×√3) unit cell, the same spectral weight is
exactly recovered.
If the one-atom unit cell (Fig. 2 (c)) would be a reason-
ably good choice to allow for the presentation of transla-
tional symmetry breaking in a large BZ, the commensu-
rability for a complicated system becomes an important
issue. For silicene on ZrB2(0001), a good choice of the
conceptual unit cell that contains only a single Si atom,
a single Zr atom, and a single B atom for monolayer
silicene and the topmost ZrB2 layer of the substrate, re-
spectively, is shown by dashed lines in Fig. 3, as this is
the largest commensurate one-atom unit cell. In the fol-
lowing, this unit cell is referred to as the “one-Si-atom
unit cell”. In other words, the (
√
3 ×√3)-reconstructed
silicene can be reproduced upon removal of some ordered
atoms, as vacancies, from the (6 × 6) supercell. As ex-
pected, the unfolded spectral weight reflects the strength
of the symmetry breaking due to the vacancies and out-
of-plane deviations of the atomic positions.
(a) (b) 
(c) (d) 
(e) Buckled-like phase        (f) 
(g)  (h) 
(i) Planar-like phase        (j) 
(k)  (l) 
FIG. 2: Spectral weight on the constant-energy plane of
1.0 eV below EF for (e-h) the buckled-like phase and (i-l)
the planar-like phase represented in different Brillouin zones
corresponding to (a-d) the adopted unit cells, respectively.
The silicene structures are thought to be peeled off from those
presented in Fig. 1.
4FIG. 3: The (6× 6) supercell with respect to the conceptual
“one-Si-atom” in-plane unit cell, which is presented by the
dashed lines, reproduces the (
√
3×√3)-reconstructed silicene
on ZrB2(0001). The open circles illustrate the ordered Si
vacancies. The vacancies can also be applied for the Zr and
B atoms. Note that the dashed unit cell contains only one
atom per layer and is commensurate with both silicene and
the ZrB2 substrate.
B. The calculated electronic band structure of
silicene on ZrB2(0001)
Due to the epitaxial relationship to the Si(111) sub-
strates, the experimentally observed in-plane lattice con-
stant of ZrB2(0001) thin films is somewhat larger (3.187
A˚) as compared to the experimentally observed (3.169 A˚)
and calculated (3.174 A˚)36 bulk values. Even with this
larger lattice constant, free-standing silicene prefers an
in-plane lattice constant that is longer than that allowed
by the epitaxial conditions imposed by the ZrB2(0001)
surface.5 Practically, as suggested by the observation of
a regular arrangement of stripe domains in STM images8
and by the relaxation of SiC atoms away from energeti-
cally unfavorable on-top positions as suggested by Si 2p
core-level spectra,26 strain in silicene is released by struc-
tural relaxation accompanied by a small reduction of the
areal density of Si atoms as compared to the system with-
out stripe domains. While calculations that account for
stripe domains require a huge supercell, a simpler way
to simulate the reduction of the areal density is to ex-
plore larger in-plane lattice constants of the whole sys-
tem. Additionally, the approximation for the exchange-
correlation energy as used in the GGA is known to pos-
sibly overestimate the band width and could also give as
much as up to 2% error in the lattice constants.39–41 In
the following, we therefore compare the results obtained
for a = 6.348 A˚ to those for the 2%-longer lattice con-
stant of a = 6.480 A˚, where a is the lattice constant of the
(2× 2) unit cell of the ZrB2(0001) reconstructed surface
that corresponds to the (
√
3×√3) unit cell of silicene.
The electronic band structures represented in the BZ
of the chosen commensurate conceptual one-Si-atom unit
cell are shown in Figs. 4 and 5, for the buckled-like and
planar-like phases, respectively. It should be mentioned
that in this representation, the K point is at high values
of the in-plane component of the electron momentum, k‖,
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FIG. 4: Electronic band structures of the buckled-like phase
along the Γ-KSi direction at two lattice constants expressed
as the spectral weight of the electronic states: (a) a=6.348 A˚,
and (b) a=6.480 A˚. Only the contribution from silicene and
the terminating Zr layer are shown.
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FIG. 5: Electronic band structures of the planar-like phase
along the Γ-KSi direction at two lattice constants expressed
as the spectral weight of the electronic states: (a) a=6.348 A˚,
and (b) a=6.480 A˚. Only the contribution from silicene and
the terminating Zr layer are shown.
while in the Figures, we indicate the KSi(1× 1) point of
non-reconstructed silicene. Here, in order to allow a com-
parison with the intensity of ARPES spectra, each band
is weighted by its spectral weight as derived from the
imaginary part of the one-particle Kohn-Sham Green’s
function.27,28
In this new representation, the differences between the
band structures of buckled-like and planar-like epitaxial
silicene phases are striking and substantial. Here, we fo-
cus on some of the most prominent and most conclusive
features that are best recognized along the Γ-KSi direc-
tion. In particular, while for both phases, the top of
the two upward curved features in the vicinity of EF at
the KSi point, shift down with increasing a, in the case
of the buckled-like phase, they form a flatter feature for
a = 6.480 A˚ but remain similar upward curved in the
planar-like phase. The width of these bands, denoted b2
and b3 or p2 and p3, for the buckled-like and planar-like
phases, respectively, is reduced with a which reflects the
5expansion of the bond length at the longer lattice con-
stant. Note that these features bear some resemblance
to the predicted Dirac cone of pi bands of free-standing,
non-reconstructed silicene and are therefore of particu-
lar interest. A parabolic band p1 is only present in the
planar-like phase where its energy and dispersion is al-
most unaffected by the choice of a. In contrast, the band
b1 of the buckled-like phase shows a v-like shape and the
bottom weight is missing at a = 6.480 A˚. Many bands at
higher binding energy are clearly similar for both phases,
and are thus certainly be related to the bulk of the di-
boride substrate.
C. Comparison with ARPES spectra
ARPES spectra obtained along the Γ-KSi direction
and in a wide energy range, are shown in Figs. 6 (a) and
(b). The spectra are similar to those reported previously
for the low-binding energy region.8,20 Accordingly, we use
the same notation to mark the individual features. While
S1 and S2 have been assigned to diboride surface states,
8
features X1-X5 are related to the presence of silicene.
8,20
Feature X2 is mirrored as X
′
2 at Γ thus following the
symmetry of the (
√
3×√3)-reconstructed silicene lattice.
While X5 has previously only been observed upon dona-
tion of electrons following the adsorption of potassium
atoms,20 interestingly, in the present spectra, possibly
due to the higher count rate caused by the increased flux
of the undulator photon source, it can be recognized in
the pristine sample. The bottom of the associated oth-
erwise unoccupied band is therefore pinned at EF .
The comparison of the ARPES spectra with the band
structure calculated for the planar-like phase at a = 6.480
A˚ shows an astonishing and excellent quantitative agree-
ment in terms of the energies and dispersions of elec-
tronic states. In particular, p2 and p3 clearly find their
counterpart in X2 and X3 while the unoccupied band p5
almost touches EF exactly halfway in between the Γ and
KSi(1×1) points where feature X5 is observed. The same
good match is obtained between p11, p4, p6, p7, p1, p8,
and p9 and X1, X4, X6, X7, S1, S2 and X9, respectively.
On the other hand, only partial agreement is found for
the buckled-like phase, especially due to the lack of sim-
ilarity between b1 and S1. The band widths of b2 and
b3 are also too narrow to compare with the experimen-
tal observations. The present results are therefore strong
evidence that the structural properties of silicene on the
ZrB2(0001) surface are very close to those of the planar-
like phase that has been calculated to be the ground state
stabilized by interactions between the Si honeycomb lat-
tice and the metallic diboride surface.5 In this context, it
should again be emphasized that this could only be rec-
ognized now because of the implementation of two new
methodological steps: (i) folding of bands is avoided by
the choice of the one-Si-atom commensurate unit cell;
and (ii) the exploration of larger in-plane lattice param-
eters.
The better agreement observed by enlarging a may
originate from the actual large lattice constant of the
ZrB2 thin films or from the possibly reduced surface den-
sity of the Si atoms (which is reduced in order to avoid
epitaxial strain) but it may also originate from the DFT
calculation itself. We used GGA as an approximation for
the exchange correlation energy in first-principles calcu-
lations. While the exact form of the exchange-correlation
energy is unknown, it has been discussed that the ap-
proximations could give rise to a 2% error in the estima-
tion of the lattice constant40 and to a bandwidth renor-
malization factor of 3 as compared to experiments.41 By
enlarging the lattice constant, the Zr d orbitals are ef-
fectively more localized. This in turn can give rise to a
narrower band width as discussed before for approxima-
tions in the exchange-correlation energy.39,41 Note that
this could also cause a too small band gap. But even if
the deviations in the exchange-correlation energy are ac-
counted for, the agreement is quite remarkable since due
to the presence of stress-related stripe domains, the real
atomistic structure of silicene on the ZrB2(0001) surface
is more complex than the one considered here.8
D. The orbital character of the electronic states
Once settled that the band structure of DFT-proposed
planar-like phase is consistent with the experimentally
obtained ARPES data, the orbital character of the elec-
tronic states in this representation may be discussed. The
individual contribution from Si s + px + py, Si pz and
Zr d orbitals are shown in Figs. 7 (a), (b) and (c), re-
spectively. All silicene-derived bands are hybridized to
some extent with Zr d electronic states, which is consis-
tent with non-negligible interactions at the interface. In
particular, while the upward curved bands p2 and p3 in
the vicinity of the KSi(1 × 1) point (that correspond to
the spectral features X2 and X3 in the ARPES spectra)
have major contributions from Si pz orbitals indeed, at
the same time, they hybridize with the Si s, px, py and
the Zr d orbitals. As already suggested in our previous
work,8 these states are therefore of partial pi character.
Importantly, the pi character is robust against the choice
of the larger Brillouin zone. Bands p6 and p7 (X6 andX7)
also have strong contributions of pz orbitals and can be
classified therefore as pi bands. On the other hand, bands
p1 and p8 correspond to S1 and S2 in the ARPES spec-
tra and have almost sole contributions from d orbitals of
the outermost Zr layer. This confirms that these states
are diboride surface states indeed which survive upon the
formation of the silicene layer, as has been concluded pre-
viously from experimental observations.20 Band p5 (X5)
is a hybrid state with contributions from Si pz and Zr d
orbitals. Note that upon K atom adsorption, electrons
are donated to X5 and not to S1.
20 This is consistent with
the partial pi character of X5 and sole electron donation
to silicene-derived states.
Our analysis shows that both bands p1 and p5 derive
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FIG. 6: (a) ARPES spectra of epitaxial silicene on the ZrB2(0001) surface along the Γ-KSi direction. (b) ARPES spectra
with guiding curves. (c) DFT band structure of planar-like phase at a = 6.480 A˚.
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FIG. 7: The (a) Si s + px + py, (b) Si pz, and (c) Zr d orbital character of the electronic bands of the planar-like phase at
a=6.480 A˚ along the Γ-KSi direction. Zr d denotes the contribution from the terminating layer that more strongly interacts
with silicene.
from combinations of the parabolic surface state of the
pristine zirconium diboride surface5 with either Si pz or
Si s+px+py orbitals, forX5 and S1, respectively. In other
words, they are formed by rather non-local interactions
between silicene and the substrate surface. On the other
hand, if the SiC atoms are too close to Zr atoms, as they
are in the buckled-like phase, local interactions destroy
the diboride surface state.
Beside hybridization between silicene-derived and Zr-
derived orbitals, we can recognize that there is also an
apparent hybridization among Si s, px, py and pz orbitals
which reflects the intermediate sp2/sp3 hybridization of
epitaxial silicene. Due to the complex hybridization, Si
pz orbital contributions are spread out and occur up to
binding energies of about 5 eV which is wider than the pi
band width predicted for free-standing silicene of about
3-3.5 eV.3,4
IV. CONCLUSIONS
The combination of ARPES data obtained in a wide
binding energy range, and the results of first-principles
calculations allow for a yet unprecedented verification of
the structural and electronic properties of epitaxial sil-
icene on the ZrB2(0001) surface. In order to obtain best
agreement with the experimental data and to avoid fold-
ing of bands, in the calculations, the small and commen-
surate conceptual unit cell containing a single Si atom, a
single Zr atom and a single B atom (as well as Si, Zr and
B vacancies) is chosen. Additionally, the in-plane lat-
tice constant has been slightly increased in order likely
to account for a misestimate of the exchange-correlation
energy in the GGA and to simulate the effect caused by
the larger lattice constant of ZrB2 thin films and the ex-
pected lower surface density of the Si atoms induced to
avoid epitaxial strain.
Even if the actual stripe pattern observed in STM
7experiments8 is not accounted for, the excellent agree-
ment between the experimental and calculated band
structures are strong evidence that the structural proper-
ties of silicene on the ZrB2(0001) surface are very close to
those of the planar-like phase. The results thus demon-
strate that both calculations and experiment converge to
this phase, which is stabilized by interactions between the
Si honeycomb lattice and the metallic diboride surface.5
Finally, we have confirmed that all silicene-derived
bands are hybridized to some extent with Zr d electronic
states, which is consistent with non-negligible interac-
tions at the interface. But on the other hand, the zirco-
nium diboride surface states survive upon the formation
of silicene at the surface which indicates that these inter-
actions are rather non-local. While the upward curved
bands in the vicinity of the Fermi level at the KSi(1× 1)
point are of partial pi character, they are hybridized with
Si s, px, py and Zr d orbitals as well. This notable hy-
bridization among Si s, px, py and pz orbitals reflects the
intermediate sp2/sp3 hybridization of epitaxial silicene.
Our new method of unfolding the band structures of
the epitaxial layer and its substrate into a common con-
ceptual unit cell enabled us to closely compare the elec-
tronic structures obtained theoretically and experimen-
tally. The results therefore resolve the previously con-
troversial issue related to the structural configuration of
silicene on the ZrB2(0001) surface and its band struc-
ture. The method is anticipated to be a powerful tool for
the study of the electronic structures of epitaxial two-
dimensional materials in general.
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